The present study was designed to evaluate the use of a 1.0T portable permanent magnet MR system in obtaining microscopic MR images of the hyaline cartilage in vitro. A clear laminar appearance was demonstrated with this system. In addition, it was possible to demonstrate cartilage surface irregularity, a decrease in cartilage thickness, and T 2 alteration by proteoglycan depletion following up to 12 hours of trypsin treatment. In summary, the portable MR system is useful for investigating cartilage in vitro.
Introduction
MR microscopic imaging is a relatively new technique that has been recently applied to various clinical problems. [1] [2] [3] [4] [5] Banson et al. reported that the beneˆts of studying tissue specimens with MR microscopy include preservation of tissue architecture and three-dimensional visualization, both of which are further enhanced by unique information oŠered by proton density and relaxation contrast mechanisms. 3 Zhou et al. reported that, unlike optical microscopy, MR microscopy can exploit a variety of endogenous and exogenous contrast mechanisms and provide true three-dimensional structural information. 1 Therefore, MR microscopic imaging may be a promising method that compensates for the limitations of optical microscopy in the investigation of various tissues and diseases. So far, many MR microscopic studies have been performed with highˆeld magnets. [1] [2] [3] [4] However, since the T1 relaxation times, T2 relaxation times, diŠusion and susceptibility eŠects observed at higĥ elds diŠer from those observed with clinical MR machines, signal intensity patterns observed with highˆeld systems cannot be compared to those obtained with clinical machines.
In a previous study, 6 we reported the laminar structure of the articular cartilage of porcine knees on 2D and 3D images obtained in vitro with an MR microscope with an independent console system (MRMICS) at 1.5T. The MRMICS is a portable MR imaging system. [7] [8] [9] Although the system is not electrically connected, it is not fully portable, as a whole-body magnet is needed to obtain images. Haishi et al. developed a new portable microscopic imaging system based on a 1.0T permanent magnet. 10 They demonstrated that their system provides microscopic MR images with a signal-to-noise ratio and a spatial resolution high enough to be applied to medical research applications.
The purpose of the present study was to evaluate the feasibility of obtaining microscopic MR images of the articular cartilage with this permanent 1.0T microscopic imaging system. Figure 1 shows the MR microscope system. The system comprises two main parts: a permanent magnet (Sumitomo Special Metals Company, Osaka, Japan) and an MR console system. 10 The speciˆcations of the magnet are as follows: 1.0T (at 229 C), magnet gap: 61 mm, size: 62 cm wide× 75 cm high×75 cm deep, weight: 1350 kg. The console comprises four units: a PC running the Windows operating system; a radio frequency (RF) signal unit (modulator and detector); a 3-channel gradient driver; and an RF transmitter that may have been developed originally as an MRMICS. 
Materials and Methods
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The gradient e‹ciencies of the probes are as follows: Gx＝12, Gy＝11, and Gz＝17 mT W m W A. Cartilage specimens of young porcine knees (approximately six months old) were used to evaluate hyaline cartilage in vitro. After the knee joints were harvested, they were stored in a refrigerator at 49 C. Cylindrical specimens were resected from the anterior region of the femoral condyle. MR experiments were performed within 72 hours of harvesting. The specimens wereˆxed in a 9-mm diameter tube. T1-weighted spin echo (SE) images (repetition time [TR] W echo time [TE]＝500 ms W 15 ms) as well as proton density-weighted and T2-weighted spin echo images (TR W TE＝2000 ms W 15, 30, 45, 60 ms) were obtained. Single section images perpendicular to the articular cartilage were obtained with a 2 mm section thickness, an image matrix of 128×128, and a 12.8-mmˆeld of view (in-plane pixel size: 100×100 mm 2 ). T1-weighted images were performed with four excitations, and proton densityweighted and T2-weighted images were performed with two excitations. Next, cartilage plugs were placed in 0.5 mg trypsin W ml phosphate-buŠered saline solution (Signa Co., St Louis, MO, U.S.A.) at pH 7.6 at room temperature. T1-weighted, proton density-weighted, and T2-weighted images were obtained at 2 hours and 12 hours after degradation with trypsin. Following MR examinations, cartilage plugs wereˆxed and stained with Masson trichrome stain for histological evaluation. As a quantitative analysis, the T2 relaxation times of the hyaline cartilage were calculated from the intensities of four echoes with a monoexponential curvê tting procedure.
Results
Microscopic MR images with a 1.0T portable MR system showed a laminar appearance on T1-weighted, proton density-weighted and T2-weighted images (Fig. 2) . In all sequences, a high-intensity band was seen near the cartilage surface, followed by a low signal intensity band and a high signal intensity band adjacent to the subchondral bone. After degradation of the cartilage with trypsin, the cartilage surface became irregular and the cartilage thickness decreased (Fig. 3) . Histological sections conˆrmed the development of surface irregularity and the decrease in cartilage thickness. In addition, the Masson trichrome stain for trypsin-treated cartilage showed lighter staining than that for untreated cartilage, suggesting a loose collagen arrangement.
Interestingly, the contrast between the high intensity near the cartilage surface and the lowintensity band decreased, compared with pre-trypsin images, after proteoglycan degradation. Prior to trypsin treatment, T2 maps showed a clear laminar structure corresponding to the microscopic MR images. After trypsin treatment, the laminar struc- ture tended to be ambiguous because the high signal intensity lamina near the cartilage surface decreased in the T2 relaxation time (Figs. 4 and 5) . The T2 relaxation times of the superˆcial lamina decreased by approximately 10 to 20 ms and their thickness decreased by four toˆve pixels (0.4 to 0.5 mm) after trypsin degradation. The T2 relaxation times of the low signal intensity lamina did not change signiˆcantly after trypsin treatment.
Discussion
Most studies using microscopic MR imaging have been carried out at a highˆeld strength ranging from 1.9T to 9.4T because of the higher resulting signal-to-noise ratios and higher spatial resolution. [1] [2] [3] [4] [11] [12] [13] [14] [15] [16] [17] However, the T1 relaxation times, T2 relaxation times, diŠusion and susceptibility eŠects observed at highˆeld strengths diŠer from those observed on clinical MR machines operating at 1.0T or 1.5T. For example, it has been reported that liver necrosis induced by bromobenzene exposure showed low intensity on T2-weighted images at 7.1T, while necrosis usually shows high intensity on T2-weighted images at theˆeld strength used in clinical systems. 1 A probable explanation is that diŠusion-induced signal loss can outweigh pure T2 eŠects in spin echo images with large gradients. Furthermore, diŠusion eŠects caused by large external gradients which, in turn, are induced by magnetic susceptibility variations are most likely responsible for the signal loss in the necrotic regions. Thus, microscopic images obtained at higĥ eld strength are often not comparable to those obtained with clinical systems.
In this preliminary study, we demonstrated the clear laminar appearance of the articular cartilage with a 1.0T permanent microscopic imaging system. Additionally, we demonstrated the changes in the laminar appearance of the cartilage and cartilage thickness induced by trypsin degradation. The principal advantage of the 1.0T microscopic imaging system is that imaging contrast is comparable to that obtained by most clinical MR machines. In addition, to our knowledge, 1.0T is the lowest magneticˆeld strength among microscopic MR im- Fig. 5 . A pixel-by-pixel map of T2 relaxation times before and 12 hours after trypsin treatment at an identical site. Compared with the T2 relaxation times before trypsin treatment, T 2 relaxation times of the lamina near the cartilage surface decrease by approximately 10 to 20 ms within 12 hours of trypsin treatment. In addition, the thickness of the total cartilage plug decreases by 4 pixels (0.4 mm) mainly due to a decrease in the lamina near the cartilage surface. . This study demonstrated the feasibility of lowˆeld microscopic imaging of articular cartilage. The system is portable, inexpensive, and has minimal space requirements, requiring an approximate area of only 1.2 m×0.8 m. Finally, because the magnet is permanent, no magnet maintenance is necessary.
In several previous studies, 11, 12, 14, [16] [17] [18] [19] collagen has been implicated as the cause of the laminar appearance of the articular cartilage. Rubenstein et al. reported that the orientation-dependence of the T2 relaxation time of collagenˆbers is the predominant factor in‰uencing the signal intensity of the various cartilage laminae. 18 The MR imaging appearance of articular cartilage is strongly in‰uenced by the anisotropic arrangement of the collagenˆbers in the cartilage, particularly where the collagen is oriented radially. McCauley et al. also reported that collagenˆber orientation and concentration appear to play a major role, with the concentration of water and proteoglycan playing smaller roles. 19 Regatte et al. reported that standard clinical proton imaging that employs basic T1 and T2 contrast mechanisms is unlikely to depict proteoglycan depletion. 20 In the present study, however, the laminar structure of the articular cartilage became ambiguous after proteoglycan depletion. Moreover, a decrease was seen in the T2 relaxation time of the high-intensity lamina near the cartilage surface, which probably corresponds to the radial zone. Thus, not only collagen but also proteoglycan appear to play a role in forming the clear laminar appearance, although the role of the latter may be small. Under physiological conditions, however, cartilage is surrounded by synovial ‰uid and a decrease in proteoglycan leads to an increase in the water content of the cartilage, resulting in the increased signal intensity of T2-weighted images. 14, 21, 22 The decrease in T2 relaxation time after proteoglycan depletion in this study may be explained by that we examined the cartilage plugs in the tube surrounded by air. In this regard, the experimental conditions were not physiological. Nevertheless, T2 maps enabled the depiction of subtle intrinsic changes in proteoglycan degradation, and measurement of T2 relaxation times seems to be useful for evaluating cartilage degeneration.
The present study has several limitations. First, images obtained by this system showed a lower signal-to-noise ratio than those obtained with higĥ eld machines and required longer acquisition times. Additionally, this was an in vitro study, and the sizes and shapes of the samples were also limited. Finally, the magneticˆeld strength of the permanent magnet varied with the room temperature. Therefore, to stabilize magneticˆeld strength, we must use speciˆc techniques such as an NMR locking technique.
In conclusion, we demonstrated the clear laminar appearance of the articular cartilage with a 1.0T permanent portable MR microscope system. In addition, following trypsin treatment, changes in cartilage surface irregularity, a decrease in cartilage thickness, and T2 alteration were shown as a result of proteoglycan degradation. The portable MR microscope system is useful for in vitro studies of the articular cartilage.
